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AB S T RA CT
T he m echa nis m ofG en de ath by polya mine a c c u m ulatio nha s
be en studied. T he a cc u m ulatio n ofspe rmi d ine le ads to ade c r e a s ein
c ell viability a ndto ade c r e a s ein the synthe sis ofribo s o m e m odulation
fa cto r(R M F)a ndofthe c a七io n- s ele ctiv eporin OmpC. R 氾F is n v olv ed
in stabilz atio n of ribo s o m e sdu r mg the tr a n sitio nfr o m e xpo n e ntial
gr o wthto the statio n a ry pha s ein Es ch,e richia c olt, a nd itis n e c e s s a ry
fo r c ellviability. T he e nha n c e m e nt ofc ell de athby O mpC deficie n cy
c a u s edby R M F deficie n cy w a sin v e stigated. T he o mpC m uta nt by
its elf didn otaffe ctpr otein synthe sis o r c ellviability, but the do uble r mf
o mpC m uta ntpr oduc eda m u ch largerde c r e a s ein protein synthe sis and
c ellviabilitythan didthe single r mfm uta nt. T her ew a s als o ade c r ea se
inthe a m o u ntofribo s o m e s a nd i the Mg
2＋
c o ntentin the double r7nf
o mpC m uta nt, and c ellviability c o uld be pa rtially r e sto r ed by the
ad dito n of Mg2
＋tothe gr ow th m ediu m . R M F deficie n cy w a sfo u ndto
inhibit the synthe sis of a nothe r c atio n･ s ele ctiv epo rin O mpF. T hu s,
the do uble r mfo mpC m uta ntis deficie ntin both O mpC a nd O mpF,
whichpr obably ac c ountsfo rthepr o n o u n c ed d c r e a s ein Mg2
'
uptakein
th is m uta nt. T he r e s ults indic ate that both R M Fa nd Mg2
＋
, a cting
thr o ugh stabiliz atio n ofribos o m e s, a r eimpo rta ntfo r c ellviability at the
statio n a ry gr o wthpha s e.
T he m e cha nis m of c ellde ath c a u s ed by spe r mid血e o v e r-
a c c u m ulatio n w a sfu rthe r examin ed by u sing the spe r midin e
a c etyltr a n sfe r a s e(SA T)ge n e･deficient m uta ntCAG2242. T hegr o wth
of E･ c olt C A G22 42 in L B m ediu m w a s n o r m al in the pr e s e n c e a nd
abs e n c e of 2m M o r4 m M spe rmi dine . Ho w e v er, the c ellviability at
2 4 hafte rthe o n s et ofc ellgro wth de c r e a s edgr e atlybythe ad dit o n of 4
m M spe r midin e. T he ad dition of 2 m M spe rmi din e als o c a u s ed a
de c r e a s ein c ell viabilitybut the effect o n c ellviability w a s slo w e rtha n
that of 4m M spe rmi din e, which c o r r elatedtothe a m o u ntspe r midin e
a c c u m ulated in the c ells. T he a c u m u.1atio n ofspe r midin e c a u s ed a n
in c r e asein gu a n o sin e3
'
,
5'･bispyropho sphate(ppGpp)synthe sis, which
its synthe sisdepe nds o n a ctivitie s ofthe products oftw ogen e s, relA a nd
spoT, at statio n a ry pha s eofgr owth. Whe rea sp pGp ple vel in c ells
gr o w nin the abs e n c e ofspe r midin e w a sde c r e a s ed.
T he de c r e a s ein c ellviab ility ofthe tr a n sfo r m a nt of E. c olt
C A G22 42withthe PA LSIOpla smi dc o ntain ing the full 1e ngth r elA
clo n e u nde rP 也epr o m ote r w a s obs e rv ed whe n1 m M IP TG w a s ad dedat
the statio n a ry pha s e. T he a c c u m ulation ofspe rmid ine als o c aused a
de c r e a s ein the syn the s e s ofa S, the statio n a ry pha s e spe cific R NA
polym e r a s ea fa cto r, R M Fa ndOmpC which are e s se ntial fo r viability.
T he r e s ults s ugge sted that a c c u m ulated spe rmidine c a u s ed the
a c c u m ulatio n of p pGp p which le ads to the inhibitio n of ri bo s o m e
fu n ctio n. T he r efo r e
,
the syn the sis of es s ential fa cto r sfo r viability at
the stationarypha s e w a s als oinhibitedr e sul加 増in c ellde ath∴
I NT 況OD VCT‡ON
Polya min e s a r epolyc atio nic c o mpo u nds that are pr e s e nt in
all liv ng o Tga nis m･ T he m o st c o m m o npolya mine s a r eputre s cin e
(1,4-dia min obuta n e), spe rmi din e a nd spe rmin e(1･4). Pr oka ryotic
Es che rich,ia c oltc ellha s ahigh c o n七e n七 ofputr e s cin eand spe r midin e,
which n odete ctable a m o u nt ofspe r min e(5). W hile e ukaryotic c ells
have a r elativ ely high c o nte ntofspe r midin e a ndspe r min e(6).
T he ge n e r alpathw ay forpolya min ebio synthe sisisillu str atedin
Fig.1. In m a m m ali n cells a nd fu ngithe fir st, a nd at th is stage r ate･
limiting, step IS the de c a rbo xylatio n of o r ni th in eto fo r mputr e s cin e,
●
c atalyz ed by o rnithin e dec a Tbo xyla s e(OD C) (4). M a ny mic r o-
o rga nis m s(2,3) a nd highe rpla nts(7,8) synthe siz eputr e s cine by at
le a st tw o r o ute s
,
eithe rfr o m o r ni th ine thoughthe a ctivity ofOI)C, o r
via agm atine. Agm atineisfo r m edbythe dec arbo xylatio n of a rgin ine
by a曙1 nin e de c a rbo xyla s e, the n hydr olyz ed to be pu七r e s cine by
agm atin a s e, with the r e mo v al of u r e a. Som e o rga nis m, e.g. E. colt,
po s s e ss both ofthe s epathw ays(2). In pla nts, the r eis a n ad dito n al
r o ute sto fo r mputr escin efr o m agm atine. Agm atin eis hydr olyz edby
a嘗m atin eimin ohydr ola s etoyielda m monia and Nc a rba m oylputr e s cin e,
which is c atalyz ed by NI C arbam oyl･putr escin e ami dohydr ola s eto giv e
a m m o nia
,
c a rbo ndio xide a ndputre s cin e.
M o st o rga nis m s, spe rmi d ine is synthesiz ed from putr e s cin e
by ad dito n of a m血opr opyl gr oup do n ated by decarbo xylated
S- ade n o sylm ethio nin e, a r e a ctio n c at lyz edbyspe rmidin e syntha s e, a n
3
Arginin e
Amin opr op yl
I;r a n sfe r
?
De e arboxy-
S･ aden o syl
m ethio nin e
･ACo岩
各ade n o sylm ethio nin e
･ti
a
co2 M
3
N
･ 爪 〆＼品d
H2
De c a rbo xy･
S･ ade n o syl
孤 (∋thionin¢
も
Amin opr op yl
tr a n sfe r ′
β
‖2
m oyl
n e
N
l
- Ac etylspe r midin e
S
:N ‖3Tt@
Ac etyl CoA
Nl･ Ac etylspe r min e
軒Ac etyl｡.A
旭
叩ゝ . A JN H3
M
3
N
･ 仰 品 仰 ワ 〉 ＼/
u_
Fig. 1. Ge n eralpathw ayfor polya min ebiosynthe sis.
T he e n zym esinv olv edare: 管 , o r nithin ede c a rbo x女1a s e
(ODC);盟 , S･ ade n o sylm ethio nin ede c a rbo xyla s e(SAMI)C);
8 , spe r midin e syntha s e;43, spe r min e syntha s e; a ,
spe r midin e/spe r min eNl ･ a c etyltransfera s e; @ , polya min e
o xida s e; 許 , a rgin a s e; a , a rginin ede c a rbo xyla s e; a,
agm atin edeimin a s e;ガ@ , N - c a rba m oylputr e s cin e amida s e.
a min opr op yl-七r a n sfe r a s e･ T he n, the ad dito n ofa s e c o nd a minopropyl
m oie七yto spe rmi din e, c a七alyzedby a diffe r e nt a min opr opyltr a nsfera s e
te r m ed spe r min e syntha s e, fo r m s spe rmin e (9). The s o u rc e of
the amin opr opyl group als o c o m e sfr o mde c a rbo xylated S･ ade n o syl･
m ethio nin e. T he synthe sis ofspe rmi din e a ndspe Tmin edepe nds o nthe
availability of the amin opr opyl do n o r, he n c eS･ aden o sylmethio nin e
de c a rbo xyla se(SAM DC)is als o r ate･1i mit ngin polya min ebio synthe sis.
T he amin opr opyltr a n sfe r a s e r e a ctio n s which fo r mspe rmi din e
a nd spe rmine a re effe ctiv elyir r e v e r siblebut the s epolya mine s can be
c o n v e rtedba ck intoputTe S Cin ebythe c o mbin eda ctio n s oftw o e n zym es,
spe rmi din e/ spe r mine ･ N ･ ac etyltra n sfe r a s e(N ･S AT) a nd polya min e
o xida s e(Fig.1). N -S AT c atalyze sthe c o n v e r sio n ofspe rmin einto N ･
a c etylspe rmin e which is the ndegr adedby polya min e o xida s eto fo r m
spe r midin e a nd 3- a c eta midopr opa n al. Si mi lary, spe r midin e is a
s ubstr ate fo r N ･S AT to fo r mputr e s cine a nd 3･ a c eta mi dopr op an al.
Tis s u epolya mine o xida s e a ctivity lS u s u ally suffic ent to e nsu re that
intr a c ellula rle v elofN ･ a c etylspe rmin e a r ebelo wthe li mits of dete ctio n,
thu sthe a ctivityofN IS ATr egulate sthe r ate ofpolya min edegr adatio n.
N -SA T is ubiquito u sin m a m m alia n c ellsbutn otpr e s e ntin pla nts(10).
A simila r e n zym eha sbe e nfo u nd in E. c olt(2). T he a c etylpolya min e
pathw ay pe r mits c ellsto adju stpolya血in ele v els a ndtodispo s e ofe x c e s s
spe r midine a ndsper min e(5).
T he r efo r e
,
the r e a r ethre ekey en zym esthatr egulatepolya min e
biosynthe sis :ODC, SA M DC and N ･SAT. Beside sthe bio synthe sis
a nd degr adatio n,intr a c ellula rpolya min ele v el is als o r egulated by the
5
uptake syste m. Polya mine ･ spe cific tr a n spo rt syste m sare distributed
widely in a v a riety of liv ng c ells fr o m a nim al c ells to ba cte ria(ll).
T hey a r e n otO nly activ atedby c ellula r r e spo n s estopr olifer ativ e stim ul i
(12), but a r e als o c o ntrolled by s e v e ral fa cto rsincluding polya min e s
the m s elv e s(13).
Polya mine ha v e be e n implic ated in nu m e r o u sbiologlC al
●
r e a ctio n s. Fo r insta n c e, inte r a ctio n with n u cleic a cids a nd
pho spholipids(14-15). Polya min e spr o m otethe aggr egation ofribo s o m e
s ubu nits a nd pT OteC七 again st their dis s o ciatio n (16･1 9), inv olv ein
pr otein synthe sis at eithe rtr a n s crip七io n alo rtr a n slatio n alstage s(20),
stabilize m e mbr a n e s(22,2 3). Re c e ntly, it ha s been fo u nd that
polya min e sha v eimpo rtantr ole sin n e u r ophysiology(2 4･2 6).
He n c e, it is cle a rthat polya min e s a r e e s s e ntial fo r n o r m al
gr o wth. T he studie sin the a utho r
'
s labo rato ry w e r efo u nd that a
de c r e a s ein polya min e c o nte ntof E. c oltc a used a decre a s einthe r ate of
c en pr olife r atio n a nd pr otein syn the sis (17,2 7,28). Fu rthe r m o r e,
o v e r- a c c u m ulatio n ofpolya min e sinhibited pr oteinsynthesis a nd c ell
gr o wth(29,3 0) str o ngly in dic ating that a n optim al c o n c e ntr atio n of
polya min e s w a s n e c e s s a ryfo r c ellgr o wthpr o c e s s.
Ba cterial E. c oltc ellsin the n atu r ale n vir o n m e nt
,
they ha rdly
e n c o u nte rthe c o nditio nthatpe r mitperiod ofexpo n e ntial(loga ri th mic)
pha s e. Rathe r, ba cte rialgr o wth is cha r a cterizedby lo ng periods of
n utritio n al deprlV atio n pu n ctu ated by short periods that allo w fa st
gro wth(3 1). Experim e ntally, upo n depletio n of e s s e ntial n utrie nts
fro m m ediu m
,
the.gr o wth r ate of ba cte ria cultu r e slo w do w n a nd
6
e v e ntu ally r e a che s z e r o･ At thispoint the c ultu r ehas ente r ed, defin ed
as stationary pha s e(32). In this stage ofgr o wth, ba cte ria c an r e main
viable du ringpr olo ngedpe riods ofsta rv atio n a nd e xitstatio n arypha s e
and r etur nto e xpo n e ntialpha se c ellcycle whe n sta rv atio nis r elie v ed.
T hus, whe nba cteria e nte rthe statio n a rypha s etheir re spo n s ein v olv ed
dr a stic cha nge sin c ellula rphysiology a nd m o rphology. E. c oltbe c o m e
sm ane T, de v elop a spherical r athe rtha n a r od- shape mo rphology .
甘beir cytopla s m is c o nde n s ed whe r e a sthe v olu m e of pe ripla s m
incre a s e s, m e mbr an e a ndc elle n v elope c o mpo sitio n a r e alter ed, a ndthe_
n u cle oidc o nde n s e s･ Statio n a ry pha s e c ells a r e r e sista ntto multiple
str e s s e s a nd su rviv elo ng･te r m sta rv atio n･ T he synthesis of a s et of
Stationary pha s e o rpo ste xpo n e ntialproteinsis in du c ed, which ha sa
rolein str e s spr ote ctio n･ Al lof th is phe notype s a r edepe nde nt o n a n
inta ctrpoS allele(33). T he rpoS - e n c odedsigm afa cto r, cT S(cT38), ha s
be e nidentified a s a c e ntr al r egulato rfo r many statio n a ry･pha s e-
r e sponsiv e ge n e s. So m e statio n a ry pha s e･ spe cific ge ne s are n ot
depe nde nton rpoS (Table 1). rpoSs e e m sto r equir egu a no sin e3
'
,5
'
-
bisp yr opho sphate(ppGpp)fo rthe e xpr e s sio n(34).
T be c e11山a rle v elofppGpp 血c r e a s e sin r e spo n s eto sta rvation
for a mino a cids a nd s o u rc e s ofc a rbo n
,
nitr oge n a ndpho sphate. T he
a c c u m ulatio n of ppGpp depe nds o n a ctivitie s of the pr odu cts oftwo
ge n e s, r elA a nd spoT. Du ring a min o a cidsta rv atio n, thel P PGpp
synthetic a ctivity ofRelAproteinis activated by u n cha rgedtR N A. T he
a c c u m ulation of p pGppl n r e spo n s etO energy s ou rc e Starv ation oc cu r s
●
甘盈b且e 且 So m estatio n a ry-pha s e- a ctiv atedge n ein E. c olt
a nd S. t3PhiTn uriu/ m(3 4)
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hydr op
L
e r o xida s eI and II
by blo cking degr adation of p pGpp c atalyz ed by a p pGpp3
'
･pyr o-
pho sphohydr ola s e e n c odebythe spoTge n e(35). ppGp pthu s appe a r s
to be age n e r alsta rv atio n sign al a nd it w asfou ndthatp pGppha s a
●
m ajo r r egulatio n T Olein the a ctiv atio n of o
･
s
synthe sis o c c uming e a rly
in thetr a n sitio nfr o me xpo n e ntialgr o wthto statio narypha s e(36).
In this pre s e nt study, a n inte r est in ho w polya min e
a c c u m ulatio n affects c ell de ath du ring statio n a ry pha s e a ris e sbe c a u s e
polya min e s a r e n ow c o nside r ed e s s e ntialo n c emula rgro wth pr o c e s s e s.
Ma ny r e s e a rche rs ha v e e x amin ed n u m e r o u spolya min ebio synthetic
inhibito r sin cl in ic al use, e spe cially in c a n c e r che m opr ev e ntio n(37).
Ho w e v e r, the pr e cis e me chanis m s at m ole c ula rle v el have n ot be e n
cle a rly kn o w nyet.
To ga l n u nde r standing of the m e cha nis m of polya min e
a c c u m ulatio n o n c ell de ath
,
the study w a s employedtheba cte rial E. c olt
syste m a s a m odel. Altho ugh, ba cte ria diffe rfr o mfungl a nd m a m m als
in the m etabolis m of polya min es, 血deed, re s emble pla nts in s o m e
r e spe cts(5). T he study ofpolya min e a c c u m ulatio nin ba cteria c ould
pr o vide s o m evalu able info r matio nthat m ay help to u ndersta nd the
m e cha nis min othe r c ellula r syste m s.
As the ac cu m ulatio n of spe r mid ine in E. c olt speG m uta nt
c a us ed a de c r e a s ein c ellviabilityat the stationary pha s e ofgrowth,the
synthe sis of s o m epr otein s w a s r e m a rkably in hibited, i. e. riboso m e
m odulatio nfa cto r(R MF)a nd o ute r m e mbr a n epr oteinC(O mpC) (30).
Itis of inte r e st to pe r c eiv e whethe r c ell de ath w o uldo c c ur when E. c olt
c ellsla ck the s etw opr otein s. T he r efo r e, the r elatio n ship betw e e n c ell
9
de ath a ndthe deficie n cy ofR M Fa ndO mpC w a sin v e stigatedby u sing
r mfa nd/o r o mpC m uta nta sde s cribedin Pa rtlofthis study.
In ad dito n, Iga r a shiet al.(3 8)fo u nd that the synthe sis of
ppGppis stim ulatedby spe rmi din e, a ndppGpp ha sbe e nkno w ntobe a
key r egulato r of cTSfa cto r(36) which ha s a nimpo rta nt role fo r c ell
su rviv al du ring statio n a ry pha s e(33). To fu rthe r clarify the
m e cha nis mby which spe r midin e a c c u mulatio n c a u s edc ell de athat the
statio n a ry phas e, the pr omis sl ng facto r s which is stim ulated by
●
spe rmi dine,i･e･ ppGpp w a sals o e xa min edin Pa r七ⅠⅠ. ofthis study.
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Emhanc em e 弧七 ofCe且1De a地 Du e七o De c r e a s ein 朋:g2' 町p七ake
by O m pC(Ca七io m-Se且e ctiv ePo Tin)De 鮎ie n cyin
況朋 F(況ibo s o m eM odu且atio nFa cto r)-DeFI Cie n七 M Ⅶta n七
Du ring the tra n sitio nfr o m the e xponentialto the statio na ry
gr o wth pha s e of E. c olt, 7 0S ribo s o m e s a r eC O n V e rtedto lo os din e rs
(39). A s m allba sic protein of 55a min o a cids, ri bo s o m e m odulatio n
fa cto r(RMF), is u niqu ely a s s o ciated with lo osdim e T S, a ndthe RM F
m RNA begi n stO ap pe a r Whe n E･ c oltc ells e nte rthe statio n a ry pha s e.
●
R M F ha sbe e nfou nd to c o n v e rt7 0S ribo s o m es into the m o r e stable
pr ote a s e･ a nd n ucle a s e･ r e sista nt lo os din ersiTも uitr o, a nd to inhibit
pr otein synthe sis(40). Itis po s sible thatlo osdin e rs a r ein v olv edin
the s ele ctive tra n slatio n ofstatio n a ry pha s e spe cific mR NAs, al thotlgh
this ha syetto be dete rmin ed. Whe nthe r mfge n ew a sdis r upted, c ell
viability of the r mf m uta nt de c r e a s ed at the statio n a ry pha s e,
s u鍔 e Stingthat the dim e riz atio n ofribo s o m e sis e s e ntial fo r viabilityat
this phase(41).
Fuku chiet al. (42)is olated speG gene c od ing fo r spe r midin e
a cetyltr a n sfe r a s e(SAT) wh ich c atalyz ed the first step ofpolya min e
degr adatio nin E. c olta ndpuri fiedSAT en zym etohelp unde r sta nding
ofthe cha r a cte ristic of E. c oltpolya min edegr adatio n. M o r e o v e r, to
u nde r sta ndthephysiologic al fun ctio n ofSA T in E. c olt, the study w a s
do n ein speG m uta nta ndthe clo n edspeGge n e(30). In aspeG m uta nt,
it w a sfo u nd that ad dito n of spe rmi d ine to the m ediu m c a u s ed a
l l
de c r e a s ein c em viabilibT at the late statio nary pha s e du e to
a c c u mulatio n ofspe rmi din e･ T he a c c u m ulatio n ofspe rmidin e c a u s eda
de c r e a s ein pr otein synthe sisbut n otin I) NA andRNA synthe sis atthe
statio n a ry pha s e･ T he synthe sis of s e v e r al kinds of pr otein s w a s
pa rtic ula rly inhibited･ T hey in cluded R M Fa nd OmpC pr otein , a
c atio n s el ctiv epo Tin proteinin the o ute r me mbr a n e(43).
To dete rmine whethe rthe r e w o uldbethe r elatio n shipbetwe en
c ell de ath a ndthe deficie n cyof R M Fa nd OmpC,the study w a sdo n eby
m aking rmf and/o T O mPC m uta nts a nd e x amining the c ellviability
du ring statio n a ry pha s e ofgr o wth･ T he pr ofile of ri bo s o m e s a ndo ute r
m e mbr a n epr otein w e r ein v e stigated. Cellula rc o nte nts ofc a七io n s, a nd
polya mines we r eals odete r min ed.
M a七e ria且s and M ethods
Ba c七e ria且s七r aim s a nd c u且ttl T e C O nditio ns
E･ colt C600(s upE 4 4 hsdRthithrle wlacY ltoTtA 2 1)w a sgr o w n
in a m odifiedLB m ediu m(0.8gtrypto n e, 0.4gye a st extr act,0.5g NaCI
pe rhte r)(44)･ T hepla smi dpT 3 10 1c ontaining r mf::Cm w a spr epa r ed
as de s cribed(41). T he pla smi dpM A N O O6 contain ing o lnPC(45) w a s
kindly pr o vided by Dr. T. M izll nO (Nagoya tJniv e r s止y), a nd the
H indIII- Sall fr agm ent w a sins e rted into the s a m e r e strictio n site of
pBlu esc ript S K' (Str atage n e) (pBSo TnPq . A fte rthe pBSolnPC w a s
digested with BglII, the Km
r
ge n e(1.3 kbBalnH I fr agm e nt)ofpU C4瓦
(P ha r m a cia L K B Biote chn ologyln c.) w a sinse rted into the c ut site
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(pBSo mpC::Km,). E･ c olt C60 0rmf.･:Cm , E. c olt C60 olnPC::Km , a nd E.
c olt C600rmf･･:Cm o mpC::Km w e r epr epa r ed by Plkc tr a n sdu ctio n
a s de s c ribed pr e vio u sly (46)I Chlo r a mphenic ol(So 雌/ml) a nd/o r
ka n a mycin(50L噌/ml)w e r e added七othe m ediu mdu ringthe c ultu re of
the m uta nts･ Cellgr owth w a sfollo w ed by m e a s u ring abs o rba n c e at
5 4 0n m･ Cell viability w a sdete r min ed by c o u ntir噌 C Olo ny n u mbe r s
gr o w n o nL B- c o ntaining1.5 %aga rplate s at3 7
oC(44).
We s七紺 n b且oも a n a且ysis
Antibody fo r R M Fw a s m ade by inje cting 1 mg RMF with
Fr e u nd
'
s c o mplete adju v a nt to a r abbit. Rabbit a ntibodie sfo rO mpC
a nd OmpF w ere kindly s uppliedby Dr. I . Mori(Kyoto Univ e r sib').
We s七e rnblotting w a spe rfo r m edbythe m ethod of Niels e n etal.(4 7).
Pr epa Tation of o ute r m e mbr a n eprotein s a nd their
sepaTatio m o 弧 8 M u T e 針SDS-polya c Tyla mide gel ele ctr o-
pho r e si
T he o ute r m e mbr a n epr otein s w e r e a n alyz ed ac co rdingto the
m ethod of Mats uya m a et al. (45). E. c olt c ells w e r edis r upted by
s o nic atio n. Afte r c e ntrifugatio n at 1,5 0 Ⅹ g for 10 min to r e m o v e
u nbr oke n c ells
,
c elle nvelope s w ere s u spe nded in 2 % Trito n X ･10 0･
10m M Na -pho sphatebuffe r, pI‡7.2, a nd in c ubated fo r37oC for15 min .
T hein s oluble fra ctio n s w e r e r e c o v e r edby c ntri fugatio n at10 0, 0 0Ⅹ g
fo r3 0min . T hey w e r e w a shedo n c e with 2mlof 10m M Na -pho sphate
buffe r
, pI‡7.2, and u s ed a sthe outer me mbr ane Pr Otein s. T he
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pr otein s(3 帽) w e r epr ehe ated in l %SDS･1 %2･ m e r c apto etha nol at
1 0 0oC fo r5 min a nd a n alyzed o n8 M u r e a･SDS･polya c ryla mide gel
ele ctr opho r e si ･ OmpC, OmpF a nd OmpA w e r e stained with
Co o m a s sie B rillia nt Blue R 2 5 0.
Me a s u re m e n七 ogpr otein synthe sisim E. c olt
At2 4h afte rthe o n s et ofc ellgr o wth, c ells u spe n sion(2.5 mI)
w a slabeled with O･3 7 M Bq of[3 5S]m ethio nin e(10 m M) in M 9
m ediu m(44). At de s ign ated tim e, hot trichlo r o a c e七ic a cid in s oluble
r adio a ctivity w a s c o u nted u s ing O･6 ml aliqu ots fo r m e a s u re m e nt Of
[35S]m ethio ninein c o rpo r atedintoprotein.
Su c T O S ede m si七y gr adie nt ce mtrifugatio n ofribo s o m es
T he 3 0,0 0 0Ⅹ g s upe rn ata nt(1 ml) w a spr epa r ed a sde s cri bed
pr evio u sly(48)u sing2 0mlc ells u spe n sio n. Brieny, afte rha rv e sting
the c ell, c ells w e r e S u spe nded in 1 mlofthebuffe r c o ntain ing 1 0m M
●
Tris- H Cl, p‡Ⅰ 7.5, 1 0 m M m agn e siu m a c etate, lo om M a m m o niu m
ac etate a nd 6 m M 2→n e r c apto etha n ol and 2一昭/ml of I) Na s eI. Cells
w e r ethe n br oke n by Fr e nch Pr e s s at the pr e ss u r e of 2 0, 0 0a nd
c e ntrifuged at3 0,0 0 0Ⅹ g. T he 30,0 0 0Ⅹ g s upe r n at nt(0.2 5ml) w a s
lo aded o n a5 ml line ar s u c r o s egr adie nt(5-2 0 %)c o nta血ing 2 0m M
Tris･HCl, pH 7.5, 1 0m M m agn e siu m a c etate, a nd 10 0m M am m o niu m
a cetate . T hetube s w e r e c e ntrifuged fo r8 0 min at 40,0 0 rpm in a
H ita chi P 5 5ST2. T he s u c r o s egr adie nts w e r efractionated into 3 1-3 2
tube s. Abs o rba n c e at2 6 0n m w a s m e a s u r edafte r4･folddilutio n ofe a ch
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fr a ctio n.
朋 e a s u Te m e m七 of protein , R NA? po且ya min e s, AT P a nd
c a七io m s
E･ c oltc ells w e r eha rv e sted eithe r at the loga rith mic phas e of
gro wth(A540 = 0･5)o r at24 hafte rthe o ns et ofc ellgr o wth. Pr otein
w a sdete rmin ed by the method of Iヵ w ry et al. (4 9). R NA w a s
m e a s u r edbythe m ethod ofCe riotti(50)with s o m e m odific atio n. RN A
s olutio n w a sin c ubated in O･3 N Ⅸ･OH for 1 8h at 3 7oC, the n RNA
r e a ction with l O %o T Cin ol, FeC13-H C L(0.7 5 %)w a spe rfor m edat10 0oC
fo r2 0 min afte r ad ditio n of H Cl(fin al c o nc e ntr atio n of 0.3 N) a nd
pe r chlo ric a cid (fin al c o n c e ntr atio n of 6 %). The fo r m ed c olo ring
s olutio n w a s r e ad o n a王‡ita chiU･110 0Spe ctr ophoto m ete r at6 7 0n m
●
aga i n st a bla nk tr e ated inthe s a m e m a n n e r. For m e a s u r e m e nt of
polya min e s, AT 甘a nd 仁atio n s, c ells u spe n sio n(10 ml)w a s o v e rlaido n a
mixtu r e of 0.9 mlofsilic o n e oil(To r ay SfI-550) a nd 0.15mlof min e r al
oil(Sigm alight white oil)in a15- mlc e ntrifugetube, andthe c ells w e r e
im m ediately c e ntri fugedthr o ugh the o止 at 1,5 00Ⅹ gfo r2 0 min (5 1).
A洗e rthe s upe r n ata nta nd oilw e r e r e m o v ed st pwis e, the pellets w e r e
s u spe nded in 0･5 ml of 5 %trichlo r o a c etic･ acid･ T he r e s ulting
･
w a s
c e ntrifuged at6,0 00Ⅹ gfo r5 min . T he supe r n ata nt thu s obtain ed w a s
us ed fo r m e a s u r e ment ofpolya min e s, A T Pa ndc atio n s.
Polya mine le v els w e r edete rmin ed by high pr e s s u r eliquid
chr o mato瑠r aPhy a sde s c ribed by lga r a shiet al. (5 2)u sing a TSK gel
IE X 215c olu m n(4 Ⅹ 8 0m m)he atedto 5 0oC w as mou nted. T he no w
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r ate ofthe buffe r(0･3 5M ci七ric a cidbuffe r[pH 5.3 5】, 2 M NaCl,
2 0 %m etha nol) w a sO･42 m umin ･ Dete ctio n of polya min es w a sby
皿u oTe S C e n C einte n sity a洗err e a ctio n ofthe c olu m n e弧uentat5 0oC with
a n o- phthaladehyde s olutio n c o ntain l ngO･0 6 %o ･phthaldehyde, O A M
●
bo ric a cid(pH IO A),0･1 %Brij35, a nd3 7m M 2･ m e r c apto etha n ol. T he
no w r ate ofo-phthaladehyde s olutio n w a s0.4 ml/min, a nd 皿u o r e s c e n c e
w a s m e a s u r ed at an e x citatio n w a v el ngth of 3 36 n m a nd e mis sio n
w a v el ngth of 47 0n m ･ T he r ete ntion tim e sfo rputr es cin e, spe rmidin e
a nd spe mine w ere6, 1 2, a nd2 4min, r e spe ctiv ely.
AT P w a sdete r min ed a s de s c ribed by Kim mich et al(53).
T he 10 0lil- aliqu ot of 5 %trich lo TO a C etic a cide xtr a cted s a mple s w a s
im m ediately n eutr aliz ed with 5 0m M E2HPO4 ･ 1 MⅨOH . T he A T P in
s a mple s w a s m e a s u r ed by r e a cting with lu ciferin ･1u cife r a se (Sigm a
Che mic alCol)in the a s s ay bu 胞 r c ontaining 5 m M s odiu m a r s e n a七e,
4 m M MgS O4 a nd 2 0m M s odiu mglycylglycin e again stAT Pstanda rd.
T helu mine sc e n c e w a sdete r minedby T D-2 0/2 0 Lu mino m ete r(Tu r n e r
De signs, C A.)
Mg2＋ a nd K＋ w e r e a n alyz ed by m e a n s of ato mic abs o rptio n
spe ctr o s c opy(H ita chi Z･80 0 0).
M g
2' uptake byinta c七 c ells
E･ c oltc ells w e r e c ultu r ed in M 9m ediu m s upple m e nted wi th
1 0LLM Mg2＋ fo r2 4 hto depletethe Mg2＋ c o nte ntin E. c oltc ells. Afte r
har v e stingthe c ells, Mg2
' uptake w a s m e a sur ed at3 0
oCin M 9m ediu m
s up ple me nted with 5 0LLM Mg2
＋
. T he Mg2
＋
c o nte nt in E. c oltc ells w a s
16
m e a su r ed a sdesc ribed abo v e.
鼠e s 服地s
Emha m c e m e m七 oE c e且且 de a地 by O m pC de 鮎ie n cy im
温朋:F-de孤cie n七 m u七a n七
To study whethe rO mpCdeficie n cy e nhanc e s c ell de athc a u s ed
by R M F deficien cy, OmpC･deficie nt(o mpq a nd R M F-deficie nt(r mf)
m uta nts a s w ella s a m uta nt deficie ntin both OmpC a nd RM F(r mF
o mpC) w ere m ade by u sing E. c olt C600a sthe parent str ain . T hei C
deficie n cy ofOmpC a nd R M Fw a s c o nfir m ed by We ste r nblot a n alysis
(Fig. 2 A). Cellviabilitydidn otcha ngein OmpC-deficientc ells,butc ell
viability w a s r edu c ed in R M F･deficie nt c ells a s r epo rtedpr eviously(41).
T he re w a s afu rthe rde c r e a s ein c ellviabilityin the do uble rmfolnPC
m uta nt(Fig. 2B).
Co T r ela七io n betw e e nthe de c r e a s ein c ellviabi且i七y a nd
t he de c r e a s ein pr o七eim synthe sis
M a c r o m ole c ula r synthetic a ctivity ofthe muta nts w a s m e asu r ed
at2 4 hafte rthe on s etofc ellgr owth. PrQtein synthetic a ctivity･ ofthe
do uble r mFo mpC m uta nt w a sgr e atly de c r e a s edc o mpa r edtothepa r e nt
strain(s e eFig. 5)o rthe single o mpC o r r mFm uta nts. D NA a nd R NA
syn thetic a ctivitie s of the do uble m uta nt w e r e n ot de c r e a s ed
signific a ntly. T he ribo s o m epatte r n w a sthe n a n alyz ed by s u c r o s e
gr adie nt tentri fugation (Fig. 3). Using gr adie nts with a n equ al
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Fig･ 2･ Cellviability ofvario u s m uta nts. A. We ste r nblot a n alysis of
OmpC a nd R M F. W e ste r nblota n alysis w a spe rfo r m edu s l ng a C ell
1ys ate(5汁g Pr Oteinfo rOmpC a nd30ト唱 Pr Otein fo rR M F)of E. cbli
c ultu r ed fo r24h. B. Cellviability. Ea chv alu eisthe a v e r age of duplicate
dete r min ations. ㊨, E. coltC600,･ ○, o TnPC m utant;□, rlnfm uta nt,･
△
,
do uble rTnFo mpC m uta nt.
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甘a払且e 盟 A m o u n七ofpr o七ein, R N Aa nd oute r m e mbr a n e
pr otein(O M P)in v ario u s m uta nts c ultu r ed fo r2 4h
sty ain Protein
a R N Aa O MP
(mg) (mg) (mど)
C600 4
.6 1土 0.45
b
1.5 0土0.19 0.2 9土0.0 6
o TnPC 4.O lj=0.5 8 1.54土 0.1 4 0.2 0土0.02
rJ托/ 4.5 4土 0.6 0 1.36土 0.0 8 0.2 6土0.06
rmfo mpC 41.0 6土 0.5 7 0.58土 0.0 9 0.1 5土0.05
aT he a m o u ntin 10mlc ultu r e
bvalu e s a r e m e a n土S.D . oftriplic ate dete rmin atio n
19
A. C 600
1.0
0.S
令
0･6
＼¢
N
･ego.4
0.2
0
1.0
0.8
0.6
①
掲 o.4
嘩
0.2
0
70S
且oes
30S
5()Si
臥 o mpC
70S
loos
30S
SOS＋
0 10 20 30 0 10 20 30
Fr a ctio n n u mbe R･
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Fig. 3. Sll C r O S ed n sity gr adie nt c e ntrifugatio n of ri bos o m e s
obtain ed fr o m v ario u s m uta nts. E. c o]ic ells(A. C 600,･ B. o mpC
m utant;C. r mfm uta nt;D. double r mfonipC m utant)w e r e
ha r v e stedat24h afte rthe o n s et ofc ellgr o wth, a nds u c r o s e
de n sity gr adie nt c e ntrifugatio n w a spe rfo r m edu s l ng0.2 5ml
ofthe30,0 00Ⅹ gsuper natant.
2 0
v olu m e ofc ellys atefr o m ea chstr ain, lo os ribo s o m e s w e r e obs e r v edin
thepa r e n七s七r ain a ndthe o mpC m utantbu七n otinthe r mfm uta ntorthe
double r mfo mpC m uta nt･ Mo r e ov er,the a m o u ntof ribo s o me s(loos,
7 0S, S OS andS OS)in the do uble m uta nt(Fig. 3Ⅰ) wa slo w ertha nthat
in thepar e ntstr ain a ndthe single m u七a n七s(Figs. 3A,3 Ba nd3C). T he
totala m o u nt ofR N Aand pr otein in the c ell lysate fr o mthe m uta nts
w e r e als o m e a s u r ed. As sho w nin Table 2, the a mo u ntof R NAin the
do uble r mfolnPC m utant w a s m u ch lo w e rtha nthatinthepa r e ntstr ain
andthe single m uta nts. Ho w e v e r,the a m o u ntofpr oteininthedo uble
m utant w a s n ot alte r ed c o mpa r edto the pa r e nt strainandthe single
m uta nts. The A T P le v elw as als o m e a s u r ed a ndfo u ndthatthe r e w a s
u n cha ngedin七he m uta nt臥 T he r e sults s u紺 e Stedthatthe de crea s ein
pr otein synthetic a ctivity ofthedo uble m uta ntat2 4 hafte rthe ons etof
c ellgr o wth is m ainlydu eto ade cr e a s ein the a m o u nt ofriboso m e s.
Re c o v e ry ofc ellviabilityby M ぎ2
'
Sin c eOmpCis a c atio n･ s ele ctiv epo rin , thele v els of Mg2
＋
,
K'
,
a ndpolya min e s, which ar e n e c ess a ryfo rthe a ctivity a nd stabiliz atio n
of ribo s o m e s, w e r e m e a s u r edin c ells at the logarithmic a ndthe late
statio n a ry pha s e s. Upo n e ntry to the late station a ry pha s e, the K
'
c o nte nt de c r e a s ed m a rkedlyfo r allthe strain sexa min ed, butat thelate
stationary pha s e, the X
＋
c o nte ntin the do uble r mfo TnPC m uta nt w a s
highe rtha n thatin the par e nt str aina ndthe single m uta nts(Fig. 4).
In c o ntr a st, the c ellula rMg2＋ a ndpolya min e c o nte nt in the do uble r mF
o TnPC m uta nt w a slo w ertha n thatin the pa r entstrain a ndthe single
2 1
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Fig. 4. Co nte nts of K
＋
amd Mg2
十(A) andpolya min e s(ち)in v ario u s mutants.
Gens w e r eha rv e sted atA5 4 0= 0.5Gop pha s e)or at24 hafte rthe o n s et ofc ell
gr owth(late statio nary pha s e). Ea ch valu eis m e an土S. D. oftriphcate
dete r min atio n s.
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m uta nts at thelate statio n a rypha s e(Fig. 4).
Be c a u s e adec r e a s ein Mg2十 a ndpolya min e sin the do uble r mf
o mpC m utant w a s obs e rv ed, Mg2', spe rmidin e, o rputr e s cin e w a s added
tothe m ediu m to dete r min eifc ellviability w o uldr ec o v e r･ Viability of
the do uble m uta nt w a s n otr ec o v e r ed bythe additio n of 10to 3 0m M
polya min e sI Whe n3 0m M Mg2' w a s addedtothe m ediu m, viability of
the do uble r mFo mpC m uta nt w a sin c r e a s ed(Fig.5A). In thepr e s e n c e
of 3 0m M Mg2',the r eW ere m O r eviable r mfo mpCc ells o v e r1to5 days,
wi thabo utalO･fold in c r e a s e o nday5, co mpa r ed withc ellsgr o w ninthe
abs e n c e ofMg2＋. T he Mg2
＋
c o nte nt inthe do uble m uta ntc ultu r edwith
3 0m M Mg
2＋in c r e a s edby2･foldo n day 1, a nd w a s n e a rly equ alto the
Mg
2' c o ntentinthe pa r e ntstr ain c ultu r ed in the pr e s e n c e o r abs e n c e of
30 m M Mg2＋.
PT Otein syn thetic a ctivity w a s the n m ea su red u sing cells
c ultu r ed fo r24 h. T he a ctivity w a s r e sto r ed bythe additio n of 30m M
Mg2
＋
a nd w a s n e a rly equ altothatofthe pa r e ntstr ain(Fig. 5 B). T he
a m o u ntof R NA als oin c r e a s ed afte r c ultu ringthe double m uta nt with
3 0m M Mg2
＋
,
s ug ge sting r edu ctio nin the degr adatio n of ribo s o m e s.
Mo r e o v e r
, an incre a s ein the am o unt of 7 0S ribo s o m e s w a s al o
obs e rv ed in cellsgro w nin the pr e s e n c e of 3 0m M Mg2＋.
De c T e a S ein O m pF in t he do uble r mfo mpC m uta nt
Ne xt
,
todete r min e whethe rR M F influ e n c edthe synthe sis ofthe
c atio n- sele ctiv e porin protein s the 4 strain s we r e cultu r ed a nd
ha rv e sted at2 4 ha洗e rthe o n s et ofc ellgr o wth. T he o ute r m e mbr a n e
23
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Fig. 5. Re c o v e ry ofc ellviability(A)andpr otein synthe sis(B)by Mg
2＋
0 a nd A, E. c olt C600a ndthe do uble m utantcultu r ed in the m odified
'
L Bm ediu m,
･ ㊨ a nd A, E. c olt C600a ndthedo uble m uta ntc ultu r edin
the m odified L Bm ediu m c o ntain lng30m M Mg
2'
･ A･ Ea ch v alu eisthe
a v e r age of duplicatedete rminatio n s. B. Pr otein synthetic a ctivitie s
a r e sho w n a s m e a n土 S. D. oftriplic atedete r min atio n s･
2 4
pr otein pat七c m w a sdete rmin ed by 8 ” u r e aS D S･P A G E, a s sho w nin
Fig. 6. The par e ntstr ain synthe siz ed m o r eOmpFtha nO mpC atthe
late statio n ary Pha s e ofgro wth. T he o mpC m uta ntsynthe siz ed o nly
OmpF, but the r mf m uta n七 m ainly synthe siz ed OmpC at the late
statio n a ry pha s e. In thedo uble r TTLFo mpC m uta nt, whichla cks OmpC,
the synthesis of OmpF w a s also str o nglyinhibited. Fu rthe r m o r e, the
totala m o u ntofouter m embr ane Pr Otein sin thedo uble m uta ntw a sle s s
tha nthatin the pa T en七strain and the single m uta nts(Table 2). T he se
r e s ults s ug ge stedthatribo s o m e- a s s o ciated R MF m aybeinv olved inthe
recognitio n ofs e ver alspe cific七ype s of m R NA on ribo som e s･
De c T ea Sein Mg2' up七ake a c七ivi七yin 七he do uble y7ntO mPC
m u七a n七
The inv estigatio n w a sfurthe rdone to e x amin e whethe rMg
2＋
tr a n spo rt w a sdecr e a畠ed in the double r mf o mpC m uta nt, be c aus e
OmpC a nd Om pF a r e c onstitu e nts ofthe c atio n s el ctiveporin 島(43)a nd
the Mg2
'
a nd putr e s cin e c onte ntin the double m uta nt w a sgr e atly
r edu c ed c o mpa r ed to wild-ty pe (Fig. 4). As sho w nin Fig･ 7, Mg
2＋
transport aCtivity inthe do uble m uta nt w a sde c r e a sedc o mpa r edto the
a ctivity in the pa r e nt str ain and the single muta nts･ Si mi la ry,
putr e s cin etr a n spo rt w a sgr e atly de cr eas edin the double m ut ant･
2 5
OmpC ゆ
OmpF r 妙･
OmpA せ
C600 o mpC r mf raf
o mpC
Fig･ 6･ Profile s ofo ute r m e mbra n epr otein s of
v a rio us m uta nts. E. c olt C600a nd its m uta nts w e r e
ha rve sted at24 hafte rthe ons et ofc ellgr o wth.
Ar r o w sindic atethepo sitio n s of OmpC, O mpF
a nd OmpA.
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Fig･ 7. Mg
2＋
uptake a ctivityofv ario u s m uta nts･
Data a r e sho w n a s m e a n土S. D. oftriplic ate
dete rmin atio n s･ @, E. c olt C 600,･ 0, o mpC m uta nt;
ロ
,
r TnFm uta nt;△ ,do uble rTnFo TnPC m uta nt.
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D 畳s c 岨S S畳o m
Tbe stlldy ho wOmpCde鮎iency e nha n c edc ellde ath c a u s edby
R MF deficie n cy w a s u nde rtake n which c o uld be e xpre ss ed a s sho w nin
Fig･ 8, a nd fo u ndthatin ado uble r mfo mpC m uta nt, ade c r e a s einboth
Mg
2＋ a ndpolya min e c o nte nts w a sobs e rv ed. More o v e r
,
a de c r e a s ein
Mg
2＋
,but n otpolyamin e s, w a sthe m ain r e a s o nfo rthein c r e a s einc ell
de athc a u s ed by OmpC deficie n cy, Sin c ethe ad diton of Mg2＋ to the
m ediu m r e c o v e r ed c ll viabilib,. Ad dito n ofpolya min e s o rK＋ didn ot
r e c o v e r c ellviability, c o n site nt with r epo rts that those c atio n s c a n n ot
m aintain ribo s o m e a ctivi七y witho ut Mg2＋(5 4, 5 5).
Mg2＋is kn o w ntobe a ctiv elytr a n spo rted in E. colt(56). It w a s
fo u nd thatthe le v elofOmpF w a sredu c ed in the rlnfo lnPC do uble
m uta nt･ A r edu c ed innu x of Mg2'from the o utsideintothepe ripla smic
spa c ethr o ugh theOmpc a ndO mpF po rin 島is pr obably r e spo n siblefor
the r edu c ed tr a n spo rt of Mg
2'
. It ha sbe e n r epo rted that a double
o mpC o TnPF m uta ntdecre a s ed c ellviability, al tho ugh the m e cha nis m
w a s n ot studied(57). T he r e sults sugge sted that the m e cha nis m of
de c re a s ed viability in the o mpC o mpF m uta ntin v olv e s ade c r e a s ein
c ellula rMg2
'
c o nte nt
,
simila rtothats e e nin the r mfo lnPC m utqnt･
Altho ugh Mg2
＋
, K
＋
a ndpolyamin e s a r e n e c e s s a ry fo r m a xim al
pr otein synthe sis(48, 5 8), only Mg2＋is e s s e ntial fo rthe a ctivity and
stabilizatio n of ri bo s o m e s(54, 55). RM F is als o involv ed in the
stabiliz atio n ofribo s o m e s(30). Fe atu re s c om m o ntoboth Mg2＋ a ndto
R MF in cludetheirabilityto shift the equilib riu m ofribo s o m e sfr o mS OS
2 7
Mピ
＋
≡
C600
porin-0
A
m
&
es 感
F mfo mpC
”
%
e' ”
%
g'
Ribo s om alpr otein s
⑳⑳◎ 恥@#@& 粁
Fragm e ntedRNA
OlltCr lnembran e
Periplas m
In ner m e mbran e
Cytopla£m
Fig･ 8･ Provisio n alm odel fo rthe e nhanc e m entofcell de ath du etD adec re a s ein Mg針
uptake cau sed byR M F deficie n cy･ In E. c olt Mg
2 '
go e sthr ougho ute r m e mbr a n e via
c ation ･ s elect･iv eporin s a nd Mg2
＋is a ctiv elytra n spo rtedatthein ner m e mbr a n eto
cytopla sm whe reMg
2十isfu n ctio nally七o stabilz e ribos o m es･ Mo re ov er, at the statio n a ry
pha s e, R M Fals opro･f･e cts ribo s o mes
･fro mthedegr adatio n. Thu s, c ells c a n m ain tain viable.
Inthedo ut)1e TTnFoTnPC m utant, thele v el of Om pF w a sdec re a s ed. Ar edu c edin月.u x of
Mgかfro m o utsideintotheperipla s mthr o ughOmpC a nd OmpFpo rin 島 m ay r edu c ethe
t･r a n sport･ ofMg
B＋
･ sim ulta n e o u sly, T Y nFo'TLPC m uta ntlacksR M Fto pr otectribo s o m e.
The ri･bosom e s a r ef,he ndegr adedgre atly in the co n sequenc e ofc ell de ath.
28
a nd SOS subu nitsto 7 0S ribo s o m e s andto l oos din e r s. A ditio n of
Mg2' to the R M F･deficie nt m uta n七 c a us ed a shiftfr o m3 0S a nd S OS
subu nits 七o 7 0S ribo s o me s
,
a nd c ell viabihty w a spa rtiany r e c o v e r ed,
pr e su mably du eto the e nha nced stability of r払o s o m e s. T he r e s u比s
indic ate thatboth RMF a nd Mg2', a cting thr o ugh stabihzatio n of
ribo s o m e s
,
a reimpo rta ntfo r c ellviability at the statio n a rypha s e.
In additio nto the effe cts ofRMF o nthe stability ofribo s o m e s,
the T eS ul七fr o mthis study w a s sho w nthatthe synthe sis ofs o m epr o七ein s
s u ch a sOmpF w as a ctu ally stim ulated by R MF, althoughtotalpr otein
syn 也 e sis w asinhibitedby R MF(40). T hu s,it c o uldbepropo s ed that
R M Fm odulate sthe synthe sis ofc e rtain pr oteins at the tr a n slatio n a1
le v el, whichis a n o v el m e chanism fo rthe a ctio n ofthis m odulato ry
factor･ Itis kn o w nthat the syn the sis of R N Apolym e r a s eo
･
冒 is
inv olv ed in c ellviabilityat thelate statio nary pha s e(59･6 1). T hu s,the
synthe sis ofpr otein sthat a r eimpo rta ntfo r c ellviability in the late
statio n a ry pha s e m ay be r egulated by both R N Apolym e r a s ecTS and
R M F.
2 9
.PA RT 瓦‡
凱im u且a七io m ofp pGp pSyn 地 e sis
by Po且ya min eCa u s e sCe且且De ath
Ac c o Tding 七o the effe ct of polya min e a c c u m ulatio n o n the
inhibition of R M Fa nd OmpC pr otein s, r es ults in adec re a s ein c ell
viability. T he study w a s u nde rtake n a nd T e V e aledin Pa rtI that the
c ellde ath c o uld be e nha n c ed by OmpC, the c atio n･S ele ctiv e porin ,
deficie n cyin R M F･deficie nt m uta ntvia a de c r e a s ein Mg2十 uptake(62).
It w a s cle a rtha七RMFisimpo rta ntfor c ells u rvivaldu ringthe entryinto
the station a ry pha s e･ In additio n, R MF m ay c o ntributetheinnu e n c e
o n m a ny gene s which fu n ctio ntogethe rtopr olo ngthe viability.
As m e ntio n abo v ethat the inh ibitio n effe ct of polya min e
a c c u m ulatio n o nR MF a nd a sw ella sO mpC w a s clari fied, To fu rthe r
elu cidate the m e cha nis m of c ell de ath in E.c olt, a n othe rfa cto r, i. e.
p pGp p, v a spointed. Sin c e, p pGppis a sm allm ole c uleimplic ated inthe
r egulatio n of la rge n u mbe rof distinctphysiologic alpr o c e s s e sin E. c olt
(63, 6 4). Mo reo ve r,the participation ofspe r mid ine a s a stim ulato r of
p pGppfo r m atio nha sbe e n r epo rted by lga r a shiet al(38). Ho w e v e r,
the effe ct ofspe r midin e a c c u mulatio n o nppGp psynthe sis ha s n otbe e n
e xplo r edyet. Thu s,the c ell de athc a u s edby spe rmi din e a c c u m ulatio n
m aybe in v olv ed inan alte ratio n ofppGpple v el. In o rde rto test
L
this
hypothe sis, thein v e stigations of Pa rtIIw e r e c a r riedo ut.
30
朋こ汲も¢Ti盈且s 粗放d 朋:¢地 o 舶
B汲C七紺iaL且s七Ta畳n s,p且a s mids a nd c u且tu r e c o nditio ns
E･ c olt CA G2242(spec s u,pE 4 4h,sd Rthithrle wla cYlto TLA 2 1)
w a sgro w nin a m odi鮎d L Bm ediu m(0.8どtrypto n e,0.4どyeaste xtr a ct,
0･5賢 NaCIpe riite T)(舶), s up ple m e nted with1 m M s odiu mpho sphate,
pH 7･魂･ T he plasmids pA もSIOa ndpA L S14w ere kindly pr ovidedby
DT･ M ･ Cashel(Natio n al ln stitute of He alth, M D.). The pla smid
pALS10 contain s afu l1le ngthr elAge n e clon eunde r a c o nditio nal Pta c
pr o m ote r, s u ch that tr a n s c riptio nis c o ntr olledbyIPTG(is opr opyl･1･
thio･ β･ D瑠 ala ctop yT a n O Side)while PALS14 is aC･te T min altru nc ated,
in a ctiv e r elAc o ntr ol(6 4). E. coltCAG22 42c ells tra n sform ed with
PA L SIOo rpA L S14w e r egr ow ninthepr e s e n c e ofa mpicillin(loo雌/ml).
Cellgrowth a nd viability we r edete rmin eda sde s c ribed in Pa rt. I.
M e a s tl T e m e 汲t Of32P-labeled m 11 Cle o七ide s
Fo rthe dete r min atio n ofthe effe ctofspe rmi din e a c c u m ulatio n
on p pGppfor m atio n, E. c olt C A G22 42G ens we r e c ultu r ed in the
pre se nc e a nd abs e n c e of2 m M o r4 m M sper midin e, a nd tl nifo rmiy
labeled with[32P]orthopho sphoric a cid at 1 00LLCi/ml･ Whe n the
de n sity ofthe c ultu r e w a sr e a chedatA54 0n mthe r ange ofO･4･0･5o r at
theindic atedtim e s, c ells fr o mthe r adio a ctiv e cultu re we r e c olle cted
a nd w a shed with M OPS(m o rphol inepr opa n e･ s uffo nic acid) m ediu m
(66), the n e xtr a cted withc old 1M fo rmic a cid fo r30 min at0
oC･ After
30- min extr a ctio n pe riod, the fo r mic a cidsuspe n sio n w a s c e ntrifuged
31
a ndthe s upe m atan七 w a s added with the mixtu r e of 40 0m M s odiu m
七u n賢SIJa七e, 5 0 0m M tetr a ethya m m o niu m hydr o chloride, a nd 5 00m M
pr o c ain ehydr o chlo ride in the r atio 5:4:1 to pr ecipitate the ino rga nic
pho sphate alo ng with the a cid-in s oluble debris･ Afte r c e ntri fugatio n,
the s upe rn ata nt e xtra ct w a s s av ed a nd the pellet w a sdis c a rded.
The s uper n ata n七 w a s r e s olv ed by polyethyle ni min e(P EI)･cellulo s e
(E･ Me T Ck)thin -laye r chr o m atogr aphy de v eloped with1.5 M ⅨH2PO4
(pH 3･4:)(67)～ Nu cle otide s w e r equ a ntified with Fujix Ba s･20 0 0ⅠI
im aging syste m･Ba station softw a r e(Fuji P hoto Film),
Fo Tthedete rmin atio n ofthe e鮎 ctofthe a c c u m ulatedppGppo n
c ellde ath, c ultu r e s ofthetra n sfor m ants E･ c olt C A G22 42withPA LSIO
a ndpA L S14w e r elabeled with[a2P]o rthopho spho ric a cidat10 0LLCi/mi.
W he n c ells e nte r edthe statio n a ry pha s e(- 6 hafte rthe o n s et ofc ell
gr o wth), 1 m M I PTG w as addedto the c ultu r es. At the de sign ated
tim e s
,
n u cleotide s a mple s w e r e e xtr a cted a ndquantified a sde sc ribed
above. The c ell gr o wth a nd viability w e r efollo w ed in unlabeled
pa r allelcultu r e s.
Re s u且七s
De c r e a s ein c ellviabilitydu eto七he o v e r a c c u m ula七io n of
spe r midin e
To e n s u r e a nd c o nfir m the effe ct of spe r midin e o v e r･
a c c u m ulation on c el viability, a S AT- deficie nt m uta nt, E. c olt
C A G22 42c ells w e r egr o w nin the pr e s e n c e a nd abs e n c eof 2m M or
32
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Fig･ 9･ E ffe ct ofspermi din eo n c ellviability(A)a nd(p)ppGp pfo r m atio n(B,C).
E･ colt C A G2242 gr o w ninthepr e s e n c e a ndabs e n c e of2 o r4 m M spe rmi din e
(S P D)w e r elabeledwith[32P]o rthopho sphoric a cid in m odified L Bm ediu m. Cell
viability (A)w a sfollo w ed in u nlabeledpa r allelc ultu r e s. Cells w e r eharもestedat
A54 0= 0･5(logpha s e)or at thetim e s sho w ninthefigu r e. T helabeledn u cleotide s
w e r e an alyzedby TLC(B), a ndqua ntifledbyde n sitom etry. The r atio ofpp pGpp＋
p pGp pfor m ed w e r e sho w n(C), whichtim e= 0 w a s a r e s ultofn u cle otide s
e xtr a ctedfr o mlog pha se c ultu r e s.
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4 m M spe T midin e, whichthe co n c e ntr atio n ofspe r midin e w a shighe r
than that in the pr e vio u s r epo rt(30). The c ellgro wth of E. c olt
C A G望2 42 in the pr e s e nc e o r abs e n ce ofspe rmid ine w a s n e a rly equ al.
The n
, the effe ct of spe rmi din e o n c ellviability w a s e xa mined. As
sho w nin Fi腎･ 9A, the c ellsgr ow n witho utspermidin e w e r eviable o v e r
舶 h ofthe obs e rv atio n 七im e･ Butthe viability ofcells gr o w n wi th
spe Tmi din e eithe r2 m M o r4 m M w a sde c r e a s ed
,
which w a s m u ch
dra stic allyin C ellsgr ow n with4 m M spe rmidin e. A 鮎r2 4hofthe o n s et
of c ell gr o wth, the T e C O V e ry Of viability of c els gr o w nin 4m M
spe r midin e was obs e r v ed.
Ne xt, polya min e c o nte ntsin E･ c oltc ells at theloga rithmic a nd
statio nary Pha s e s w e r e m e as u r ed(Fig. 10). T he c ellula rputr e s cin e
co n七e n七(Fig･1 0A)a七thelogarithmicpha s e w a shighe rtha nthat at the
statio n a ry pha s e which w as gTadllally de c r e a s ed in c ells gr ow n eithe r
with o T Witho utspe rmidin e. The putr e s cin e c o nte ntin c ells c ultu red
witho ut spe rmidine w a shighe r tha n c ells c ultu r ed with spe rmidin e.
The spe r midin e c o nte nt(Fig. 10 B)in c ellsgr o w n witho utspe rmi din e at
thelogarithmicpha s e w a s n ot m u chhighe rtha nthatat the station a ry
pha s e. Cle a rly, spe rmi din e w a s o v e r a c c u m ulated in E. c olt C AG22 42
c ells gr o w nin thepr e s e n c e ofspe r midin e, ･ eithe r2o r4 m M . A 洗er2 4h
ofthe o n s etofc ellgr o wth whe r ethe r e c o v e ryofviability w a s obs e rァed,
c o r r e spo ndingly spe r midin e c o nte nt in the c ells gro w nin 4 m M
spe r midin e w a s als o de cr e a s ed. T be r e s ults r e v e aled that the
o v e r a c c u mlatio n of spe rmid ine c a u s ed a de c r e a s ein c ellviabihty of
E. c oltc ells, in the other w o rd, spe r midin e o v e r a c c u m ulatio n c a u s ed
34
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Fig･ 1 0･ E ffe ct ofspe 1
･ mi din e o nc ellularputr escin e(A) or spe r midin e(B)
co nte nts. E. c oltC A G22 42gr o w nin the abs e n c e(口) andpr e s e n c e of
2 m M(田) or4 m M (棉)spe r midin e w er ha rv e sted atthetim e s sho w nin
the丘gur e andpolya min e s w e r e a nalyz ed by王まP L C.
35
E･ c oltc ell de ath･ Ho wev er,itha s notbe e n cla ri 鮎dthe m e cha nis mby
w hich E･ c oli欝r O W nin the pr e s e nc e of 4m M spe rmidine r e c o v e r edthe
viability a鮎 r2 4h ofthe o n s etofc ellgro wth. It w a s als o notic edthat
when the r e c o v e ry of viability o c c u r red, c ellular spe rmid ine w a s als o
de c r ea sed.
Co T T elatio n betw e e nthe de c r e as ein c e且t viability a nd
地 ein c r e a s ein p pGp psyn 軸 e sis
To dete rmin e whether spe r midin e a c c u m ulatio n w mld c a u s e
p pGp pa c c um ulatio n ateithe rthelogarith micpha s e o r statio n a ry pha s e,
E･ c olt
'
, CAG2242gr o w nin the pr e s e n c e a nd abs e n c e of 2m M or4 m M
spe rmidin e w e r elabeled with [32P]o rthopho spho ric acid. At the
indic ated tim e s, a fo rmic e xtr a ct w a spr epared a nd n u cle otide s w ere
s epar ated by a s c e ndingchr o m atogr aphy o nP EI･ c ellulo s eplate s. The
synthe sis of(p)ppGppat the loga rithmic pha se in c ells gr o w ninthe
pr e s e n c e a nd abs e n c e of spe rmidine w as n ot diffe r e nt signific a ntly
(Fig･ 9 B a nd 9C)･ Upo n the e ntry into the statio n a ry pha s e, the
synthe sis of (p)p pGppin c ells gr o w n witho ut spe rmi d ine w a s
de c r e a s ed m a rkedly c o mpa r edto thatin c ells gr o w n with spe rmi dine.
Fu rthe r m o r e, the in c r eas ein (p)ppGpp syn the sisin c ells grdw n with
spe r midin e w a s obs e rved, which m ore s lgnific a ntlyin c ellsgr o w nwith 4
●
m M spe rmi dine. The r e s ults s ug ge sted that spe Tmi d ine a c c u m ulatio n
le adstothe stim ulatio n of(p)ppGppfo r m atio n.
Be c a u s ethe a c c u m ulatio n of spe r midin e c a uses not o nly a
de c r e a sein c ellviability but als o anin cre a s ein(p)ppGppsynthe sis.
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Fig1 11･ Effe ctofp pGp po n c ellviability at the statio n a ry pha s e. Cultu r es of
E･ c olt C A G2 2 42c o ntaining pla smidPA LSI O(○)orpA L S14(□)w e r elabeled
with[3 2p]o rthophosphoric a cidin m odified L Bm ediu m. Cellviability(A)w a s
follo w edin unlabeledpa r auelc ultu r e s･ Cells w er eha rv ested atA540= 0･5
Cog pha s e) and6h afte r on s et ofgro wth. After entryinto station a rypha s e(6 h),
1 m M IP TG w a s added(indic ated with a rro w)to cultu re s c o ntai ming PAL SIO(㊨)
a ndpA LS14(g&)a ndaliqu ots w e r e r e m o v edatthe tim e s sho w nin thefigu re.
Thelabelednu cle otide s w e re a n alyz ed byT LC(B), a ndqu a ntified byde n sito m etry.
The r atio ofp ppGp p＋p pGppfor m ed w e re sho w n(C), whichtim e = 0 w a s a
r e s ultofn u cle otide 8 e xtr a cted fr o mlog pha s e cultu r es.
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T hus, thein c re a s e ofp pGppsignaling at the statio narypha s eofgr o wth
m ay bring abo ut the E･ c oltcell de ath･ To dete r min e whethe rthe
ele v atedsynthesis ofp pGppat the statio n a rypha s e w ouldbe a c a us e of
c ell de ath
,
the in v e stigatio n w a sdo n eby u slngtr a n Sform a nts E. c olt
●
C A G224･2 with p瓜SIO, c o ntain i ngthe fu氾1e ngth ofr elAge n eclo n e
●
u nde rPta cpr o m ote r, a ndpA LS14, a c o ntrolpla smi d. Toindu ce the
synthe sis ofppGp pat the stationa rypha se ofgr o wth, IP T Gw as added
七othe m ediu m whe n c ells enteredthe station a rypha s e. The n, the c el
viability a ndp pGppsynthesis w e r e m ea s u r ed･ As sho w nin Fig. l l,
the c ellviability of E･ c olt CA G22 42/PALSIOgr o w nwitho utIP TG w a s
n o七de c r e a s edobvio u sly andp pGpp w a sn ota c c u m ulated･ In c o ntr ast,
by the additio n ofI PTG, the c ell viability of E･ c olt CA G22 42/PALSIO
w a sdecre a sed which c o r r elatedto the inc r e a s einp pGpp fo r m atio n.
T he cha ngein c ellviability a ndp pGppsynthe sis w a s n ot bs e rv ed in E.
c oltC A G22 42/pALS14･ T he r e s ults str o ngly indic ated that a n
in c r e a s e ofppGppa七the statio n a rypha s e c a u s e s c ell de ath.
D e c re a s ein statio n a ry pha s e- e s s e ntialpr otein sdu eto
the ele v ated ppGp p fo T m a七io n c a u s ed by spe rmidin e
a c c u mulatio n a ndislethal
ltha sbe e n reported thatp pGppis apo sitive r egulato r of u s
synthe sis(3 6)･ cT Sis a statio n a ry pha s e･ spe cific o
･
fa cto r
, pr oduct of
rpoSge n e･ J S fa cto rha sbe e nw ellkn o w nto be n e c e s s a ry fo r c ell
viability at the statio n a ry pha s e(3 1, 3 3, 3 4).
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Figこ12･ W e ste r nblotanalysis of o
70
,
crs a nd R M F
,
and8 Mu r e aS D S･P AG E
of OmpC･ E･ c olt C AG2242c ultu r ed inthepr e s e n c e a ndabs e n c e of 2o r4 mM
spe r midin e･ Cells were ha rv e sted atA6 4 .= 0.5(logphas e)or at thetim es sh. w n
inthefigu r e･ W este rnblot a nalys e s w e r ep rfo r m edu sing5 帽 Pr Otein for o 70,
o8 a nd 30帽 Pr Otein fo r RM F･ 8 Mu r e左s DS･P A G Ew a sdo n eby using3 将 Of
o ute r m e mbr a n efr a ctio n fo rOmpC deter min atio n.
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Anothe r protein which is a statio n a ry pha s e･ spe cific a nd
e s s e ntial fo r c el viabilityis R MF(41), a nd it w a sfoundthatspe midin e
a ccu m ulatio nc a u s e s ade c r e a s ein the synthe sis ofOmpC(30). The n,
to fu rthe r study the m e cha nis m of °en de ath c a u s ed by spe mi din e
a c c u m ulatio nthr o ugh ppGppa c c u m ulatio n,the synthe sis of o
-
s
, RMF
a nd Om pC w a s als odete rmined･ Fig･ 12show sthe effectofspe r midin e
a c c u mulatio n o n a 7(r', cT 臼 , OmpC a nd RMFjudging by 8M ur e a
S D S･P A G Ea nd weste rnblota n alysis･ The c ellsgr ow ninthepr esen c e
a nd abs e n c eof spe Tmidin e, the e xpr e s sio n ofthe ho u seke eping o
･ 70
fa cto r w a s simi la r eithe rat theloga rithmicphas e o r station a ry pha s e.
A ba s alle v elof cTS w a s obs e rv edin c ells with o r withoムtspe rmi din e at
thelogarithmic pha s e･ Upo nthe e ntryintothe statio n a ry pha s e, u s
lev elof the c ells gro w n witho utspe rmi din e wa sinc r e a s ed whilethatof
the G ensgr own withspe rmi din ew a s n ot･ T heinhibito ry effe cto nthe
synthe sis of cr s of 4 m M spe rmidin e w a s m o re tha n that of2 m M
spe rmidin e, i･ e･ do s e･depe nde nt･ Afte r2 4 h, the synthe sis of J S in
c ellsgr o w nwith 4m M sper mid ine w a s obs erv ed again , c o rr elated with
the re c o v e ry of the viability (Fig. 9A). Si mi la ry, the effe ct of
spe rmi din e a c c u m ulatio n o nthe syn the sis ofOmpC and R M Fw a s als o
obs e rv ed, whichthe effe ct o nRMF w a s m o r edr a stic ally.
In additio n
,
the effe ct of a c c u m ulated ppGpp o n o
･
s a nd
R M Fw a sals o e x amin ed by u sing E･ c olt C A G2242/PALSIO a nd
C AG2242/pALS14･ As sho w nin Fig･ 13, w he nbothc ells we r egro wn
at theloga rith micpha s e, abasalle v elof o
･
s w a s obs e rved, but R M F
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w a s notsynthsized･ At 6h afte rthe o n se七ofc e11gr owth(befo r eIPTG
additio n), T he synthe sis of cT Sin E. c oltC A G22 42/PALSIOm o r etha n
in C A G2242/pAL S14which w a s op po sitetothe RM Fsynthe sis. Afte r
I P TG additio n
,
the synthe s e s of cT tq a nd R MF in C A G22 42/PALSIO
w e r e m a rkedlyde c r e a s ed which c o r r elatedto the lo s s ofviability a nd
thein c r e a s e OfppGpple v el(Fig. l l). Beside s, at 48 hafte rthe o n s et｡f
c en gr o wth whe r ethe viability of C A G2242/pALS10 w a s slightly
in c r eas ed a nd p pGpplev el w a sde clin ed, the synthe s es of o
･ s a nd
e spe ciallyR M Fw e r e T eV rS e. The r e sultsindic atedthat the c ell de ath
c a u s ed by spe rmidin e a c c u m ulatio n at the statio n a ry pha s e is
m odulated bythein c r eas e ofppGppform atio n.
Dis c u s sio n
T he effe ct of spe rmi din e a c c um ulatio n o nppGpp synthe sis
r e s ultingin E. c oltc ell de ath ha sbe e n studied. It w a sfoundthat the
a cc u血ulated spe r mid ine de c r ea s ed the c eu viability a nd in c r e a s ed
(p)ppGpp le v el at the statio n a ry pha s e of c ellgro wth. It c o uld be
infe r r ed that the de cre a s e of p pGpp at the stationa ry pha s eis a n
impo rta ntsignalto ke ep G enstobe viable･ Sin c ethe ele vated ppGpp
le vel ei the rby spe rmi din e a c c u m ulation (Fig. 9)o rby a ninducible
m ultic opy pla smi dwhich e n c oded a n a ctiv eRelA pr otein (Fig
-
. l l) at
statio n a rypha s e c a u s e s c ell death･ Itha sbe e n r epo rtedthat thehigh
le v elofp pGpple adstothe c e s s atio n ofgr owth(68)a nd lethality(69･7 i)
be c a us e of its inhibitio n effe ct o n ribo s o m e a nd pr otein synthe s e s
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(6 5, 6 8･7 2). Fu rthe r m o r e, theinhibitio n of cT 良 and R M F, which a r e
kn o w n七obe esse ntialfo r C ellviability atthe statio n a rypha s e ofgr o wth,
w as oc c u T Ted. The inhibitio n ofOmpC synthe sis w a s als o obs e r v ed
whichsi欝ni鮎 a ntlyinthehighc o n c e n七T atio n of spe rmidin e additio n.
Be c a u s ethe syn払 e sis of R M Fis n ot regulated by CTS (3 9, 4 1), the
dec rease Of R M Fis notdueto 仙oinhibi七io n of oJ S. T he r efo r e,p pGp p
m a.y s 即 V e a S m Odulato rfo rthe synthe sis ofboth cT良 a nd R MF.
On epoin七 ofthis study sho uld be m e ntio n ed that the furthe r
in v e stigatio n swi ll be n e c e s s a ry to pr o vide a n e xpla n atio n fo r the
T e C O V e ry Ofviabilty w hich w a sfo u nd(Fig. 9A)in E. c oltc ells gr o w n
with. a hi欝h c onc en七ra七ion ofspe rmi din e. The spe rmi din e c o nte ntin
ヽ
tho se c ells w a s als ode creased(Fig. 1 0).Itha sbe e nkn ow n that E. c olt
po s s e s s a n othe rpathw ay to m etaboliz e spe Tmi din e apa rt fr o m the
m etabolis m by▲S AT, i. e. via the conjugatio n w止b glutathio n eby
●
glutathionylspe rmidin e(G SP)synthetas e(73, 7 4)･ T his e n zym e o w n s
a s e c o ndc atalytic a ctivity, glutat hio nylspe r midin ehydr olysis. T hu s,it
ha sbe en called a sG SP syn theta s e/ami da s e, which its optim alpflof
syntheta s e a ctivity lS6･8 while the optim alp‡‡ of a mida s e a ctivity
●
is highe r (75). Mo r e o v e r, glutathio nylspe rmi dine is fo u nd to
a c c u m ulatein statio n a ry cultu r e sof E. c olt B inwhich the mediu mpH
is 6(76). T he r efo r e,it m aybe po s siblethat to str uggle wi ththe stre s s
c a u s ed by spe r midine a c c u m ulation, E ･ c olt G SP syntheta s e a ctivity
w o uldbe indu c ed a nd glutathio nylspe rmidine m ay be e xpo rted by
c a rie rpr otein s(7 7). A ltho ughthe r eha v ebe e n n oreports ofthis cla s s
oftr a n spo rte rpr otein in E･ c oltc o mpa r edto the tr a n sporte rsfo u nd in
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e uka ryotic a ndplantc ells(7 8, 79).
Ba s ed o nthe obs erv atio n s me ntio n ed abo v e, a te ntativ e m odel
which atte mpts to e xplain ho w polya min e a c c umulatio n innu e n c es
p pGppsynthesis a nd c a u s e s c ell de ath is pr e sented(Fig. 1 4). The
intra c ellula rc o n c e ntr atio n ofp pGp pis co ntr olledatthelevelofbothits
synthe sis a nd d喝 radatio n which c an be de s c ribed a s agu a nin e
n u cle otide cycle (35, 8 0)I Fi鴫 the gu a n o sin e 5,･tripho sphate 3,･
dipho sphate(pppGpp), a pre c u r s o r m ole c ule ofp pGp p,isfo r m ed bythe
tr a nsfe r of pyr opho spho ryl gr o up fr o m ATP to GY Pby p pGpp
syntheta s el a nd III E･ c oltp pGppsyntheta s eI is apr odu ct ofr elA
ge ne which ope r ate son ribo s o m e swhe r e a sppGpp syn theta s eIIis a
pr odu ctofspoT ge n ewhich is ribo s o m e-indepe nde nt, but c atalyz ethe
s a m e r e actio n･ The n
, p p pGppis degr aded to p pGppby gu a no sin e
pe ntapho sphohydr olas e a nd p pGppis degr aded to GDP by 3
,
･
pyT OPho sphohydT Olas ewhich is a nothe rfu nctio n ofspoTge n epr oduct.
When E･ c oltc ellsgr o w nin theloga rithmicpha s e,they pr odu c e abas al
lev elofppGppto ope r atethe synthe sis of o
･ s
a nd R M Fwhich is mainly
n e c e s s a ryfor c ellviability du r lngthe statio n a rypha s e. Afte r cT S a nd
●
蕊M Fa r esynthe siz ed and fun ctio n alto m aintain the c ells u r vi al
,
the
p pGpp sign aling is de clin ed･ fle n?e, ifpolya min eis a cc u m ulated
which m ay a ctatribo s o m e sinc epolya mine s e xista s apolya min e･ RN A
c o mple xin c ells(8 1, 8 2), the synthe sis of p pGpp is stim ulated a nd
a c c u m ulated altho ughc ells e nte rthe statio n a rypha s e. Be c a u s e ofthe
high le v elofp pGpp,its up pr e s s esthe ribo s o m efu n ctio n a nd as w ella s
pr otein Synthetic a ctivity･ T he n, cTS a nd RMF c an n otbe synthe siz ed
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Fig･ 14･ Model fo rpolya min e･indu c edppGppfo r m atio n
whichc a u s e sE･ c oltcellde ath at the statio nary pha s e.
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i
pr ope rly thr o ugh the sta七io naTy Pha s e, in c o n s equ e n ce of E. c oltcell
de ath･ In this point of vie w, polya min e a nd ppGppm ay sha re the
co mm o n fe atu re, that is, both have the optim al c o n c e ntratio n to
m aintain appr opriate physiologlC al鮎nctio n s ofcels.
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